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1.0 INTRODUCTION AND THEORY 

1.1 BACKGROUND 

The number  of prev ious  s tudies  0f CO 2 condensat ion  phenomena in 
gas  dynamic  expans ion  flow f ie lds  is indica t ive  of the v a r i e t y  of app l i ca -  
t ions  r e q u i r i n g  an unders t and ing  of the p rocess .  Among such appl ica t ions ,  
one f inds the expansion of combust ion  products  which f requen t ly  include 
CO 2 and, a lso ,  the product ion of h igh - speed  flow f ie lds  of a i r  which 
na tu ra l ly  contains CO 2 as a s ign i f icant  const i tuent .  Pre,~ious s tud ies  
have u t i l ized  a wide v a r i e t y  of flow d iagnos t ic  techniques  which have been 
se lec ted  in some cases  because  of the intended appl ica t ion of the r e s u l t s .  

As an example ,  Hagena and Obert  (Ref. 1) have employed a m a s s  
s p e c t r o m e t r i c - r e t a r d i n g  potent ia l  technique for  s tudying the d u s t e r  s i ze  
d i s t r ibu t ion  of the f a r - f i e l d  r eg ion  of CO 2 expans ions .  F u r t h e r  m a s s  
s p e c t r o m e t r i c  s tudies  a re  exempl i f ied  by the work of Bai ley  (Ref. 2)° in 
which not only a re  the spec i e s  m a s s  s e l ec t ed  but a lso  flow speed m e a s -  
u r e m e n t s  a re  pe r fo rmed  enabl ing one to obtain e s t i m a t e s  of condensate  
m a s s  f rac t ion .  However ,  once again it is the expans ion  f a r - f i e l d  r eg ion  
which is s tudied,  for  at h ighe r  flow f ie ld  dens i t i e s  it is r e cogn ized  that  
s k i m m e r  in t e rac t ion  effects  do ex i s t  (Ref. 2) and that  the ex i s t ence  of 
a mi ld  shock at the s k i m m e r  may  be suff ic ient  to d i s soc i a t e  the r a t h e r  
f r ag i l e  c lu s t e r s .  

Bey l i ch  (Ref. 3) has  used the e l ec t ron  beam f l u o r e s c e n c e  technique 
to study the dens i ty  and ro ta t iona l  t e m p e r a t u r e  of CO 2 plume expans ions ,  
but the appl ica t ion  was p a r t i c u l a r l y  tor tuous ,  for  the CO 2 f l u o r e s c e n c e  
s p e c t r a  were  not ful ly r e so lved  and ro ta t iona l  t e m p e r a t u r e s  a r e  d e t e r -  
mined using the e m i s s i o n  band prof i le .  F u r t h e r ,  in the reg ion  of conden- 
sa t ion  onset  and growth,  the gas  dens i ty  is suf f ic ien t ly  l a r g e  to r e q u i r e  
s ign i f ican t  co l l i s ion  quenching co r r ec t i ons .  

Addit ional  s tudies  of CO 2 c lu s t e r  p rope r t i e s  have been p e r f o r m e d  
most  notably by F r e n c h  w o r k e r s  us ing the e l e c t ron  d i f f rac t ion  technique,  
and the work of Audit (Ref. 4) is typ ica l  of these  e f for t s .  The fundamenta l  
data  of c l u s t e r s  provided by th is  technique include equ i l ib r ium,  i n t e r -  
m o l e c u l a r  bonding d i s t ances  of the c lus t e r ,  and poss ib ly  the d u s t e r  
t e m p e r a t u r e .  However ,  the d iagnos t ic  technique taken alone is l ack ing  
in the bas i c  gas  dynamic  data  which a r e  n e c e s s a r y  to unambiguous ly  
de t e rmine  the d u s t e r  s ize .  F u r t h e r ,  the technique is a f a r - f i e l d ,  
l ow-dens i t y  e x p e r i m e n t a l  tool which su f fe r s  f rom the same  d i sadvan-  
t ages  as does m a s s  spec t roscopy .  
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Fina l ly ,  Ray le igh  s c a t t e r i n g  has  been s u c c e s s f u l l y  employed  by 
Bey l i ch  (Ref. 5) and Lewis  and Wi l l i ams  (Refs. 6 and 7) to obse rve  the 
condensa t ion  onset  and growth r eg ions  of a gas  dynamic  expans ion  p roce s s .  
The work of Refs .  6 and 7 extended the use of the technique to include 
o b s e r v a t i o n s  of s c a t t e r i n g  depo la r i za t ion  f ac to r s  and the reby  deduce 
in fo rma t ive  data  r e g a r d i n g  c l u s t e r  a s y m m e t r y  c h a r a c t e r i s t i c s .  It should 
a l so  be noted that  the work of Refs .  6 and 7 approached  the s c a t t e r i n g  
p r o c e s s  f r o m  a m o l e c u l a r  r a t h e r  than m a c r o s c o p i c  bas i s  as did Beyl ich ,  
and th is  approach  has  enabled fundamenta l  in fo rmat ion  to be obtained 
r e g a r d i n g  the acc re t i on  p r o c e s s  of c l u s t e r  fo rmat ion .  

More r e c e n t l y ,  the work of Lewis  and Wi l l i ams  (Ref. 8) has  demon-  
s t r a t e d  the appl ica t ion  of Raman  s c a t t e r i n g  to condensing flow f ie ld  s tud ies ,  
t he r eby  providing a means  of m e a s u r i n g  loca l  va lues  of both gas  dens i ty  
and t e m p e r a t u r e .  It is to be noted that ,  c o n t r a r y  to the techniques  of 
Refs .  1 through 4, both Ray le igh  and Raman  s c a t t e r i n g  a r e  appl icable  
to the h igh -dens i t y  r eg ions  of the flow field which a r e  mos t  convenient  
for  condensa t ion  s tudies .  

Despi te  the prev ious  i n t e r e s t  in CO 2 as d e s c r i b e d  in Refs .  1 through 
5 and the r e f e r e n c e s  quoted the re in ,  l i t t l e  d i r ec t  in fo rmat ion  ex i s t s  r e -  
ga rd ing  the spa t i a l  loca t ion  within the flow f ie ld of condensa t ion  onset ,  or  
the degree  of s u p e r s a t u r a t i o n  capable of CO 2 and, a lso ,  the r a t e  of growth 
of the c l u s t e r s  fol lowing condensat ion  ini t ia t ion.  F u r t h e r ,  gene ra l  sca l ing  
laws  f o r  va r ious  types  of gas  s o u r c e s  such as sonic  o r i f i ce s  and conical  
nozz les  have not been ver i f i ed .  It should be noted that  CO 2 p r e s e n t s  a 
p a r t i c u l a r l y  chal lenging  case :  not only m u s t  condensat ion  be cons idered ,  
but a lso ,  fo r  v e r y  modes t  r e s e r v o i r  t e m p e r a t u r e s ,  suf f ic ient  v ib ra t iona l  
mode exc i ta t ion  ex i s t s  to r e q u i r e  cons ide ra t ion  of v ib ra t iona l  r e l a x a t i o n  
phenomena  as  well .  Consequent ly ,  p red ic t ion  of the uncondensed  gas  
dynam.ic expans ion  of CO2, which d e t e r m i n e s  the deta i led  behav io r  of the 
condensa t ion  p r o c e s s  at onset ,  is not a t r i v i a l  proMem.  

The data of th is  r e p o r t  p r e sen t  the r e s u l t s  of a s tudy of Ray le igh  
s c a t t e r i n g  of the CO 2 m o n o m e r s  and c l u s t e r s  produced by a son ic  or i f ice  
expans ion  f~om ambient  t e m p e r a t u r e  r e s e r v o i r  condit ions.  Because  of 
the complexi ty  of the s tudy,  f u r t h e r  work is  both in p r o g r e s s  and planned,  
and it is hoped that  the r e s u l t s  and ana ly s i s  of CO 2 expans ions  wil l  be 
p r e s e n t e d  in m o r e  comple t enes s  in fol lowing r e p o r t s .  
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1.2 RAYLEIGH SCATTERING 

The b a s i c  equa t ions  and r a t i o n a l e  fo r  the a p p l i c a t i o n  of R a y l e i g h  
s c a t t e r i n g  to the s tudy of condens ing  gas  flow f i e lds  have  been  p r e s e n t e d  
and d i s c u s s e d  in p r e v i o u s  pub l i ca t ions  ( R e f s . . 6  and 7). Consequen t ly ,  
only a s u m m a r y  of the p e r t i n e n t  i n f o r m a t i o n  and equa t ions  wi l l  be g iven  
in th i s  s ec t ion .  

It wi l l  be r e c a l l e d  f r o m  Refs .  6 and 7 that  f o r  an  inc iden t  p o l a r i z e d  
l a s e r  s o u r c e  of wave leng th  (~) and i n t ens i t y  (I o) i n t e r a c t i n g  wi th  a gas  
s a m p l e  of n u m b e r  dens i t y  (N 1) the R a y l e i g h  s c a t t e r e d  i n t ens i t y  (I s) can  
be w r i t t e n  as 

Is/I o = (Ka/A4)Noa~ (I~I/N o) (I) 

w h e r e  a l  i s  the m o l e c u l a r  p o l a r i z a b i l i t y ,  N is  the  gas  r e s e r v o i r  dens i ty  
O 

and K~ is a cons t an t  inc lud ing  op t ica l ,  g e o m e t r i c a l ,  and f u n d a m e n t a l  
a t o m i c  cons t an t s .  If the flow f i e ld  is i s e n t r o p i c ,  obv ious ly  I s / I  o is  a 
d i r e c t  m e a s u r e  of the  i s e n t r o p i c  d e n s i t y  r a t i o  (Ni/N0)0,  w h e r e  the  s u p e r -  
s c r i p t  z e r o  deno tes  i s e n t r o p i c  cond i t ions .  As showri in Refs .  6 and 7 
fo r  a condens ing  flow f ie ld  "consist ing not only of m o n o m e r s  (denoted  by 
the  s u b s c r i p t  one) but a l so  c l u s t e r s ,  or  i - m e r s  (denoted  by s u b s c r i p t  z), 
the  s c a t t e r e d  i n t e ns i t y  can be w r i t t e n  as 

[(Is/lo)/(Is/Io) °] - (I~'I/N ~) = ( N T / N  ~) • X c • ~ p(i) • (ai/al)2 ( 2 )  
i=2 

w h e r e  N T is  the l o c a l  to t a l  n u m b e r  dens i ty ,  X c is  the  condensa t e  mo le  
f r a c t i o n  and p(i) is  the L~robability d i s t r i b u t i o n  func t ion  of the i - m e t .  If 
one a p p r o x i m a t e s  N1/N01 and NT/N01 by uni ty  and then  def ines  the l e f t -  
hand  s ide  of Eq.  (2) as t-he s c a t t e r i n g  func t ion  f, one f inds  

f ~ Xc i~2 P(1)(ai/al)2 (3) 

F u r t h e r ,  a s s u m i n g  weak van  d e r  W a a l ' s  b inding of the  d u s t e r s ,  one 
can a p p r o x i m a t e  ~i as 

a i ,,., ia 1 (4) 

i. e . ,  d u s t e r  p o l a r i z a b i l i t y  is  a s s u m e d  to be add i t ive .  

f ~ X clffi~2.= i 2p(i) 

Then  

(5) 
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F o r  a m o n o d i s p e r s e  d i s t r i b u t i o n ,  

p(i)  = 1 i = J .  

= 0  i : ~ J  

Then,  

f ~ Xc . j2 (6 )  

so,  ff k n o w l e d g e  of the m o l e  f r a c t i o n  can be ob ta ined ,  c l u s t e r  s i z e  J 
fo l lows .  

Obvious ly ,  p r i o r  to c o n d e n s a t i o n  onse t ,  f is  z e r o  i den t i ca l l y ,  and 
pos i t i ve  d e v i a t i o n s  of f f r o m  z e r o  a r e  i nd i ca t i ve  of the in i t i a t i on  of 
c l u s t e r i n g .  F u r t h e r ,  the p a r a m e t e r  J of Eq.  (6) wi l l  be a s p a c e - d e p e n d e n t  
quant i ty  th roughou t  the  c o n d e n s a t i o n  g rowth  r e g i o n ,  as wi l l  Xc, and f 
is  an a m b i g u o u s  m e a s u r e  of the i n c r e a s e  in t h e ' m e a n  c l u s t e r  s i z e  and 
m o l e  f r a c t i o n  of condensa t e .  

The  r e s u l t s  p r e s e n t e d  in th is  r e p o r t  wi l l  be the v a r i a t i o n  of the  
s c a t t e r i n g  func t ion  f with v a r i o u s  e x p e r i m e n t a l  p a r a m e t e r s .  The  conden -  
s a t i on  o n s e t  and g r o w t h  r e g i o n s  wi l l  be  c l e a r l y  shown  as wi l l  an i m p o r -  
tant  o r i f i c e  d i a m e t e r / r e s e r v o i r  p r e s s u r e  s c a l i n g  law. 

2.0 EXPERIMENTAL APPARATUS AND METHOD 

2.1 GAS SOURCE AND VACUUM CHAMBER 

The s o n i c  o r i f i c e  s o u r c e s  w e r e  of 1. 325- and 3 . 2 - m m  d i a m e t e r  
wi th  a d i a m e t e r - t o - t h i c k n e s s  r a t i o  g r e a t e r  than  20. The  o r i f i c e  was  
l o c a t e d  at the  end  of a tubu la r ,  s t a i n l e s s - s t e e l  r e s e r v o i r  of a p p r o x i -  
m a t e l y  1 - c m  i n n e r  d i a m e t e r ,  and e q u i l i b r a t i o n  of the  gas  and tube 
wal l  t e m p e r a t u r e s  was  e n s u r e d .  R e s e r v o i r  t e m p e r a t u r e  and p r e s s u r e  
w e r e  m e a s u r e d  u s ing  c a l i b r a t e d  t r a n s d u c e r s ,  and the  f l o w - f i e l d  da ta  
w e r e  a c q u i r e d  us ing  C o l e m a n  g r a d e  CO 2. Two 0. 0 2 5 - # m  p a r t i c u l a t e  
f i l t e r s  w e r e  l o c a t e d  in the in le t  gas  l i ne  to m i n i m i z e  h e t e r o g e n e o u s  
c o n d e n s a t i o n  p r o c e s s e s .  The  gas  s o u r c e  was m o u n t e d  on a t r a v e r s i n g  
m e c h a n i s m  to p r o v i d e  t h r e e  d e g r e e s  of f r e e d o m  and to enab l e  f low 
f i e ld  m e a s u r e m e n t s  to be m a d e  us ing  f ixed  op t ica l  i n s t r u m e n t a t i o n .  
The  m o v e m e n t  m e c h a n i s m  has  an a c c u r a c y  and r e p r o d u c i b i l i t y  of 
0 .013 cm in the  axial  d i r e c t i o n .  

8 
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The 4- by 10-ft  R e s e a r c h  Vacuum C h a m b e r  e n c l o s i n g  the m o t o r -  
d r i v e n  t r a v e r s i n g  m e c h a n i s m ,  as shown in Fig.  i ,  was  c r y o p u m p e d  
us ing  l iqu id  N 2 and 20 K g a s e o u s  He. B a c k g r o u n d  p r e s s u r e s  of l e s s  
than 10 -5 t o r r  w e r e  m a i n t a i n e d  for  the  m a x i m u m  flow r a t e  i n v e s t i g a t e d .  
P r e s s u r e  and t e m p e r a t u r e  f luc tua t ions  in .the r e s e r v o i r  w e r e  neg l ig ib l e .  
A m o r e  c o m p l e t e  d e s c r i p t i o n  is to be found in Ref. 6. 

fore.Pressure 
Gages /-Laser Dump Port Viewing Dump Port-- 

Nozzle and / -Viewing Port 
unting Block / GHe-C~IN Endplate---\ 

, ~ P r e s s u r e  Transducer \ 

I [ ]  f ]  ~ [ ]  () [ ]  Eli [ ]  (]~,,, 

I I 

0 D 0 0 D 0 0 

Z_/(;as w /  ~ .~. L_~__=._Laser Beam Entrance Por t ,~ 
Inbleed /--Milli~r~Filters ~ . . . .  LN 2 Radi=ion Shield -x 

Traversing Table ~ GHe Cryoliner 

Figure 1. Schematic of 4- by 10-ft Research Chamber. 

2.2 RAYLEIGH SCATTERING APPARATUS 

The optical and electronic configurations of the experimental appa- 
ratus are shown in Fig. 2, and the polarization vector orientation for 
this scattering study is shown in Fig. 3. An argon ion laser of i. 0 w 
intensity at 514.5 nm was employed as the incident radiation source. 
The collection optics train included, in addition to collection and focusing 
lenses, a half-wave plate polarization rotator, and HN-22 Polaroid~for 
definition of the state of polarization of the scattered radiation. The 
system, which is described in detail in Ref. 8, utilized a Spex 1402 
double spectrometer with two ganged 102- by 102-ram gratings of 1200 
grooves/ram and blazed at 500.0 nm. The focal length of the instrument 
was 0.85 m with a reciprocal linear dispersion of approximately 0.44 
nm/mm. The three slit widths were set at 200, 400, and 400 pm in 
order of input to output slits. Photon counting electronics in conjunction 
with a thermoelectrically cooled photomultiplier tube served for data 
acquisition. The experimental procedures and method used are presented 
in Refs. 7 and 8. 
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Chamber Pressure Gacje-- 

Gas I nl~eed---~ 
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Chamber Pressure Gacje~l- ~ 

Temperature I ncl lcator--~--  

Reser~lr Pressure ~ 
Pressure Transducer Excitation J 

Traverdncj Table Control and Power J 
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Figure 2. Schematic of 4- by lO-ft Reseamh Chamber experimental arrangement. 
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Figure 3. Polarization direction diagram. 
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3.0 RESULTS AND DISCUSSION 

Sonic o r i f i c e  e x p a n s i o n s  of CO 2 w e r e  p r o d u c e d  us ing  s o u r c e  d i a m -  
e t e r s  (D) of 1. 325 and 3 .2  m m .  The  r e s e r v o i r  p r e s s u r e  (Po) was  v a r i e d  
o v e r  the r a n g e  of 50 to 350 t o r r  fo r  the  3 . 2 - m m - d i a m  s o u r c e ,  and fo r  
the  1. 3 2 5 - m m - d i a m  s o u r c e ,  the  Po r a n g e  was 77 .7  to 543 .9  t o r r .  The  
v a l u e s  of Po  fo r  the s m a l l e r  d i a m e t e r  s o u r c e  w e r e  s e l e c t e d  to a c h i e v e  
cons tan t  v a l u e s  of P2oD fo r  the two s o u r c e s  at e~ch va lue  of Po  s tud ied .  
The  axia l  v a r i a t i o n  of the Ray le igh  s c a t t e r e d  i n t ens i t y  was  d e t e r m i n e d  
o v e r  the  axia l  d i s t a n c e  r a n g e  of 0 . 8  ~ x /D  ~ 60 w h e r e  x is the  ax ia l  
d i s t a n c e  m e a s u r e d  d o w n s t r e a m  f r o m  the f l a t - f a c e d  s o n i c  o r i f i c e  s o u r c e .  
Al l  c a s e s  s tud i ed  w e r e  fo r  amb ien t  CO 2 r e s e r v o i r  t e m p e r a t u r e ,  wh ich  
was  n o m i n a l l y  280 K. Shown in F igs .  4 t h rough  8 a r e  the  e x p e r i m e n t a l  
R a y l e i g h  s c a t t e r i n g  r e s u l t s  fo r  th is  s tudy,  and the  o r d i n a t e  is (Ref. 6): 

i=2 

w h e r e  K~21/A 4 is d e t e r m i n e d  e x p e r i m e n t a l l y  by an in s i tu  c a l i b r a t i on .  
It is s e e n  f r o m  Eq.  (7) that  in  the even t  of no c o n d e n s a t i o n  I s / I  o wi l l  
v a r y  d i r e c t l y  as N 1 / N  o which,  in the  a b s e n c e  of v i b r a t i o n a l  r e l a x a t i o n  
e f f ec t s ,  is the i s e n t r o p i c  v a r i a t i o n  (N1/No)0.  Al so  shown  in F igs .  4 
t h ro u g h  8 is  the  i s e n t r o p i c  ~ a r i a t i o n  of N I / N  o as  g iven  by the  A s h k e n a s -  
S h e r m a n  (Ref. O) equa t ions  for  7 = 1.4.  The  t h r e e - t e r m  e x p a n s i o n  of 
Ref.  9 was  u s e d  to enab le  a c c u r a t e  c a l cu l a t i ons  fo r  the  ax ia l  d i s t a n c e  
r e g i o n  of x /D  ~ 1.0.  The  axial  l o c a t i o n s  at which  s a t u r a t i o n  o c c u r s  
[ (x/D) s ] w e r e  e s t i m a t e d  for  CO 2 u s ing  the  da ta  of Ref. 10 and a s -  
s u m i n g  an i s e n t r o p i c  e x p a n s i o n  of CO 2 c h a r a c t e r i z e d  by a s p e c i f i c  
hea t  r a t i o  (7) of 1.40.  D i f f e r e n c e s  of a p p r o x i m a t e l y  ±20 p e r c e n t  in 
(x/D) s r e s u l t  f r o m  a v a r i a t i o n  in  7 of a p p r o x i m a t e l y  ±5 p e r c e n t .  More  
a c c u r a t e  v a l u e s  of (x/D) s a r e  not r e q u i r e d  for  th is  r e p o r t ,  and it was  
found t h a t  fo r  al l  c a s e s  s tud i ed  

(X/D), ~ 0.4 (8) 

Consequen t ly ,  the  r a t e  equa t ions  wh ich  d e s c r i b e  the onse t  and g r o w t h  
r e g i o n s  of CO 2 m u s t  be app l i cab le  in the  n e a r  f i e ld  of the  expans ion .  

It is s e e n  f r o m  Fig.  4 that  the  e x p a n s i o n  wi th  the  l o w e s t  Po  y i e l d e d  
a g r e e m e n t  wi th  the  7 = 1.40 i s e n t r o p i c  p r e d i c t i o n  of Ref. 9 f o r  x /D  ~ 3. 
F u r t h e r ,  f r o m  F igs .  4 t h rough  8, one s e e s  that  an i n c r e a s e  in Po r e s u l t e d  
in c o n d e n s a t i o n  onse t  and that  the  onse t  l o c a t i o n  d e c r e a s e d  whi le  the  m a g -  
n i tude  of dev ia t ion  of I s / I  o f r o m  the  i s e n t r o p i c  d e p e n d e n c e  i n c r e a s e d  as 
Po i n c r e a s e d .  

l l  
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Addi t iona l ly ,  one no te s  tha t ,  a l though  the  da ta  f r o m  the two s o n i c  
o r i f i c e  s o u r c e s  a r e  in a p p r o x i m a t e  a g r e e m e n t  fo r  cons t an t  v a l u e s  of 
P2oD, t h e r e  is  an o b s e r v a b l e  d i s c r e p a n c y  in t h e s e  data .  C o n s e q u e n t l y ,  Po D 

¢ j  

s c a l i n g  y i e l d s  an a p p r o x i m a t e  s c a l i n g  law fo r  CO 2, but f u r t h e r  r e f i n e m e n t s  
a r e  r e q u i r e d  to the  s c a l i n g  law to r e d u c e  the e x i s t i n g  d i s c r e p a n c y .  

I D) The s c a t t e r i n g  func t ion  f Po) w h e r e  the  s u p e r s c r i p t  and s u b s c r i p t  
denote  the  o r i f i c e  d i a m e t e r  and r e s e r v o i r  p r e s s u r e ,  r e s p e c t i v e l y ,  is  
shown in Fig .  9 as  a func t ion  of Po fo r  the  3 . 2 - m m - d i a m  s o u r c e .  The  
r a p i d  i n c r e a s e  in f fo l lowing  onse t  is  qui te  obvious  as  a r e  the  o r d e r s  of 
m a g n i t u d e  i n c r e a s e  in f a s  the  r e s e r v o i r  p r e s s u r e  i n c r e a s e s .  The  quan-  
t i t a t i ve  de f in i t ion  of c o n d e n s a t i o n  onse t  can  t ake  s e v e r a l  f o r m s .  Used  in  
t h i s  work  a r e  two c r i t e r i a  which  involve  e i t h e r  the  s c a t t e r i n g  func t ion  f 
o r  the  s c a t t e r e d  i n t e n s i t y  ( I s / Io) .  The  f i r s t  me thod  e m p l o y s  the c r i t e r i o n  
of a t en  p e r c e n t  i n c r e a s e  of I s / I  o r e l a t i v e  to i t s  i s e n t r o p i c  v ~ u e ,  and a l l  
c o n d e n s a t i o n  p a r a m e t e r s  d e r i v e d  u s i n g  th i s  c r i t e r i o n  a r e  deno ted  by the 
s u b s c r i p t  # .  The second  me tho d  u s e s  the  f func t ion ;  and s p e c i f i c a l l y ,  
the  v a r i a t i o n  of f wi th  x / D  is  u sed  to e x t r a p o l a t e  the  f func t ion  to the  
onse t  l oca t ion .  The va lue  of the  c o n d e n s a t i o n  p a r a m e t e r s  a p p r o p r i a t e  
to t h i s  e x t r a p o l a t e d  ax ia l  pos i t i on  at wh ich  f equa l s  z e r o  a r e  deno ted  by 
the s u b s c r i p t  @. Then  the  s u p e r s a t u r a t i o n  p a r a m e t e r s  S and S ° a r e  
de f ined  as  

So,c~ = T s - (T~)o,~b (9) 

and 

Sj,~ = P,,/(P~)o,$ {io) 

w h e r e  the s u b s c r i p t  =)denotes  f r e e - s t r e a m  v a l u e s .  F i g u r e s  10 and 11 
show the  dependence  of the s u p e r s a t u r a t i o n  p a r a m e t e r s  on r e s e r v o i r  
p r e s s u r e s  for  the  two s o n i c  o r i f i c e  s o u r c e s .  F r o m  F i g s .  10 and 11, it  
i s  s e e n  tha t  the  t e m p e r a t u r e  s u p e r c o o l i n g  v a l u e s  d e t e r m i n e d  f r o m  S 8 

, and S~ a r e  not s u b s t a n t i a l l y  d i f f e r en t  and a r e  on the o r d e r  of 100 K. The  
locus  of the s a t u r a t i o n  t e m p e r a t u r e  T s wi th  Po is  shown in F ig .  10. 
The  v a r i a t i o n  of the  p r e s s u r e  s u p e r s a t u r a t i o n  r a t i o s  is  s e e n  to d e c r e a s e  
s i g n i f i c a n t l y  as  Po i n c r e a s e s .  

F i n a l l y ,  e m p i r i c a l  f unc t i ona l  r e l a t i o n s  of f wi th  ax ia l  d i s t a n c e  X /D ,  
(X /D)8 ,  Po,  and D w e r e  ob ta ined  us ing  the r e s u l t s  of the ax ia l  v a r i a t i o n  
of the  s c a t t e r i n g  func t ion  data .  
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The r e s u l t  found fo r  the  c a s e s  s t ud i ed  in the onse t  r e g i o n  is 

f(V)(po ) = b~n [(X/D)/(X/D) 0] 

w h e r e  

and C O is a cons tan t .  
was  found to be d e s c r i b e d  by 

(11) 

Af te r  c e s s a t i o n  of g rowth ,  the s c a t t e r i n g  func t ion  

f(D) p2.29 DI.62/Cl 
{po ) ~ - o  

(13) 

w h e r e  C 1 is  a cons tan t .  

4 . 0  CONCLUSIONS 

The  r e s u l t s  of R a y l e i g h  s c a t t e r i n g  m e a s u r e m e n t s  of CO 2 son i c  
o r i f i c e  e x p a n s i o n s  have  d e m o n s t r a t e d  the onse t  of c o n d e n s a t i o n  and 
s u b s e q u e n t  d u s t e r  g rowth  as we l l  as the  v e r y  l a r g e  i n c r e a s e  in the 
s c a t t e r i n g  func t ion  (f) wi th  i n c r e a s i n g  r e s e r v o i r  p r e s s u r e .  The  r e s u l t s  
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for  ve ry  low Po and uncondensed CO 2 indicate  that  the f a r - f i e l d  expan-  
s ion reg ion  i s -desc r ibed  by the i sen t rop ic ,  7 = 1.4 p red ic t ions  of Ref. 9. 
However,  for  al l  cases  studied,  the sa tu ra t ion ,  onset ,  and growth reg ions  
for  condensat ion  all occur  in the m o r e  compl ica ted  reg ion  of the expan- 
s ion where  the f low-f ie ld  is yet  developing,  not in the f a r - f i e l d  r eg ion  
of the expansion where une may  use va r ious  asympto t i c  r e l a t i ons  fo r  the 
gas dynamic  p a r a m e t e r s .  E m p i r i c a l  r e l a t i ons  of the s ca t t e r i ng  funct ion 
dependence on Po, D, and X/D were  found and will  s e rve  as a bas i s  for  
pred ic t ing  g ross  condensat ion c h a r a c t e r i s t i c s .  
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NOMENCLATURE 

D 

f 

I o 

I s 

K~z 

N 

N .  
1 

P 

p(i) 

S 

T 

X c 

x,y, z 

Orif ice  d i a m e t e r  

Sca t te r ing  funct ion 

Incident  l a s e r  in tens i ty  

Sca t t e red  in tens i ty  

Optical  constant  

Number  dens i ty  

Number  dens i ty  of i - m e r  

Pre.qsure 

P robab i l i ty  d i s t r ibu t ion  funct ion of i - m e r  

Supe r sa tu ra t ion  p a r a m e t e r s  defined by Eqs.  

T e m p e r a t u r e  

Mole f r ac t ion  of condensate  

Di rec t iona l  coord ina tes  

Po la r i zab i l i t y  of i - m e r  

(9) and (10) 
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SUBSCRIPTS 

C 

S 

T 

0 

0 

Specific heat  r a t i o  

Wavelength 

Condensate  

Sa tura t ion  value 

Tota l  value 

R e s e r v o i r  p a r a m e t e r  

Defined by Eqs.  

Defined by Eqs.  

(9) and (I0) 

(9) and (10) 

F r e e - s t r e a m  value 

SUPERSCRIPT 

0 I sen t rop ic  value 

Note: Unless  o therwise  noted, cgs units  a re  used. 
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